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Abstract 
In spite of the high cost of bauxite, Al2O3-MgO-C refractory bricks (AMC) are widely used for steelmaking vessel 
working linings due to their excellent properties: high temperature mechanical strength and high resistances to both 
thermal spalling and slag corrosion. 
In part, these properties stem from the thermal evolution of the phases and the microstructure of AMC refractories, such as 
the transformation of the aluminum metal (usually added as antioxidant) in Al4C3 and the formation of spinel (MgAl2O4). 
In this work, the thermal evolution of the phases of three different AMC commercial bricks used in sidewalls and bottom 
of steelmaking ladles between 400 and 1400 °C in air was studied. The variation of the mineralogical composition was 
analyzed using X-ray diffraction and the differences found between the materials were related to their compositional and 
microstructural differences. With this aim, an exhaustive characterization of the as-received refractory materials by 
several analytical techniques was also carried out. 
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1. Introduction 
Al2O3-MgO-C refractory bricks (AMC) are composite materials consisting of a discontinuous phase of 
alumina aggregates and in some cases magnesia aggregates also, with different qualities and sizes, surrounded 
by a continuous matrix containing an organic binder (usually resin), fines of alumina and magnesia, graphite 
flakes and antioxidant additives particles (metallic or otherwise). In spite of the high cost of bauxite, the main 
raw material for the manufacture of these bricks, they maintain a high level of consumption in the steelmaking 
industries due to their excellent properties: high temperature mechanical strength and high resistances to both 
thermal spalling and slag corrosion.  
Moreover, AMC materials are unstable with increasing temperature by the onset of physical and chemical 
processes that alter the composition and microstructure of the refractory, some of them having chemical, 
mechanical and thermomechanical positive effects. These transformations mainly occur into the bonding 
phase of the refractories. From 350 °C the resin transformations occur, which consists of simultaneous 
reactions of condensation, oxidation, dehydration and decomposition (Rand and McEnaney, 1985; Gardziella 
et al., 1992). Up to 900 °C, H2O is generated by several reactions, with the maximum evolution rate between 
200 and 500 °C. At temperatures above 400 °C, CH4, CO, H2 and small amount of CO2, derived from 
benzene, phenol and polycyclic aromatic compounds evolve. Product of these reactions is a non-graphitic 
carbon ('glassy-carbon') susceptible to further oxidation. This structure has a partial order and tends to 
organize more and eliminate defects ('annealing') at temperatures above 1000 °C (Rand and McEnaney, 
1985). The main changes are accompanied by an increase in porosity due to the evolution of volatiles and the 
formation of cracks by the volumetric variations, which also alter the properties of the material. Moreover, the 
presence of oxygen has a catalytic effect on the carbonization of resin (Rand and McEnaney, 1985). 
The presence of graphite flakes gives some advantages such as the increases in the flexibility, the thermal 
conductivity, the thermal shock resistance and the resistance to molten slag attack (Cooper, 1985). However, 
at temperatures between 800 and 900 ºC graphite is susceptible to oxidation forming CO or CO2 and 
modifying the porosity of the material and the above mentioned properties (Cooper, 1985).  
The reactions taking place at temperatures near and above 1000 °C are usually associated with metallic 
aluminum added as antioxidant, which previously melts at 660 °C (Taffin and Poirier, 1984; Baudín et al., 
1999; Baudín, 2001): a) the transformation of Al into aluminum carbide by reaction with carbon from the 
resin and/or graphite, b) its subsequent decomposition to Al2O3, c) the formation of spinel by reaction of Al (l) 
with MgO and/or Al2O3 with Mg (g) coming from metallothermal and/or carbothermal reduction of MgO 
(Baker and Brezny, 1991; Yamaguchi, 2001). The formation of Al4C3, a very unstable phase under high 
oxygen partial pressures, generally improves the mechanical properties of the refractory material due to the 
particular plate morphology of this phase and the generated chemical bonds (Taffin and Poirier, 1984; Baudín 
2001; Uchida et al., 1998). 
The formation of spinel (MgAl2O4) at high temperatures leads to an expansion of the brick that helps to 
counteract the joints wear (Kamiide et al., 2001). This reaction also produces microcracking due to the 
difference in the thermal expansion coefficients between the product and reagents, which could also lead to 
slag penetration (Kamiide et al., 2001). For this reason, the content of MgO needs to be optimized. 
MgO.Al2O3 spinel is generally formed from 1000 °C depending on the atmosphere, the grain size and purity 
of magnesia (Baudín, 1999; Kamiide et al., 2001; Rigaud et al., 1995) by reaction between MgO and: a) 
original fine alumina grains, b) aluminum or c) the Al2O3 coming from the decomposition of Al4C3. In 
addition, spinel may be produced by the reaction between Al2O and Mg (g) coming from the metallothermal 
and/or carbothermal reduction of magnesia (Taffin and Poirier, 1984). The characteristics of the formed spinel 
phase (morphology, grain size, porosity, etc.) depend on which mechanism occurs (Baudín et al., 1999; 
Baudín, 2001). Among the mechanisms mentioned above, the association of spinel with the original Al° is 
rather frequent (Bavand-Vandchali et al., 2008). 
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The aim of this paper is to study the thermal evolution of phases in three commercial bricks used in 
sidewalls and bottom of steelmaking ladles treated between 400 and 1400 °C, in air. The changes in the 
mineralogical composition were analyzed using the X-ray diffraction technique and the differences found 
between the materials were related to compositional and microstructural differences. With this aim, a 
comprehensive characterization of the as-received materials was carried out by several analytical techniques. 
2. Experimental procedure 
The phases  evolution of three commercial bricks used in sidewalls and bottom of steelmaking vessels were 
studied. They were labeled as AMC1, AMC2 and AMC3. According to the technical data sheets, these 
refractories have aggregates of tabular alumina (92 wt.% and 66 wt.% of Al2O3 in AMC1 and AMC2, 
respectively), together with bauxite in the case of AMC3 (88 wt.% of Al2O3), sinter magnesia (AMC1 and 
AMC3: 6 wt.% ; AMC2: 32 wt.%), graphite, resin as organic binder (with a total carbon content of 6 wt.% for 
AMC1 and AMC3 and 8 wt. % for AMC2) and antioxidant additives. 
The bricks characterization was carried out employing several experimental techniques and samples 
representative of each entire refractory (powders and cylindrical specimens). The powders were prepared by 
crushing and grinding in a planetary mill (Planetary- P at 595 rpm, up to a 
particle size < 75 m (mesh 200). The cylindrical specimens were prepared by cutting and machining, using 
diamond cutting tools and water as cooling agent.  
The chemical analyses of the three refractories were performed on powdered samples. Except graphite, resin 
and Alº, the rest of the components were determined by X-ray fluorescence (XRF, Philips MagicX PW-2424) 
employing the glass bead method (Asakura, 2003). The aluminum was quantified by inductively coupled 
plasma emission spectroscopy (ICP-OES, Thermo Jarrell Ash IRIS Advantage Axial Plasma equipment), after 
the leaching with HCl solution. The qualitative phase analysis was performed by X-ray diffraction (XRD; 
Brucker Advanced DV8 diffractometer) on powdered samples, using monochromated Cu  radiation, at 40 kV 
and 40 mA. Differential thermal (DTA, Shimadzu DTA-50) and thermogravimetric (TGA, Shimadzu TGA-
50) analyses were carried out on powered samples up to 1400 °C with a heating rate of 10 °C/min, in air. 
From TGA, the amount of graphite and resin were determined. The bulk density ( b) and the apparent 
porosity ( app) of refractories were determined using cylindrical specimens in kerosene, based on DIN EN 
993-1(DIN 51056) standard. Microstructural analysis was performed by scanning electronic microscopy 
(SEM; Philips XL30 and Joel JSM-6460) coupled with an energy-dispersive X-ray spectrometer (EDS) and 
optical microscopy (Carl Zeiss Axiophot microscopy) on polished surfaces prepared by grinding (SiC papers 
of 1200 and 4000 grit) and polishing (diamond paste up to 3 m) using kerosene as lubricant. 
In order to study the thermal evolution of those phases present in the refractories, static thermal treatments 
of fragments of the bricks (  6 cm3 in volume) at 400, 600, 700, 1000, 1100, 1200 and 1400 ºC, in air, during 
4 h (heating rate of 10 ºC/min) were performed. After this time, the specimens were free cooled into the 
furnace. An electric furnace (Carbolite) with SiC heating elements was employed. The thermally treated 
samples were crushed and ground in a planetary milling (Planetary- P t 
595 rpm down to 75 m (mesh 200) of particle size. The mineralogical analysis of this powdered samples 
were performed by qualitative X-ray diffraction (XRD, Panalytical X´PERT PRO equipment), using 
monochromated Cu K  radiation at 40 kV, 40 mA, and a rate of 1º/min.  
3. Results and discussion 
3.1 Characterization of materials 
The chemical analysis of the as-received refractories determined by XRF, ICP and TGA is reported in Table 
1. The content of MgO of each refractory is in agreement with those reported in the technical data sheets. On 
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the other hand, the amount of minor phases are consistent with the type of impurities which used to be present 
in the main components of the AMC refractories such as: a) bauxite, having mullite, Al/Fe titanates and/or 
TiO2 going with alumina, b) magnesia, with impurities of Fe2O3, SiO2, between others and c) graphite which 
has ashes coming from the clays present as impurities in the mineral. 
Table 1. Chemical analysis of the as-received refractories (XRF, ICP-OES, TGA). 
 
AMC1 
(wt.%) 
AMC2 
(wt.%) 
AMC3 
(wt.%) 
Al2O3 83.7 57.1 78.3 
Alo 1.41 1.36 1.64 
Fe2O3 1.61 1.97 2.12 
MgO 5.47 26.7 6.95 
SiO2 0.69 1.15 2.47 
TiO2 0.59 0.80 1.60 
Otros 0.38 0.86 0.93 
Graphite 1.3 3.2 2.9 
Resin 4.3 5.5 3.0 
 
The phases identified in the as-received refractories from XRD patterns are reported in Table 2, together 
with the XRD file number (ICDD Powder Diffraction File Database, 1999) used for the identification.  
                                                   
Table 2. Mineralogical composition of as-received refractories (XRD). 
 
Phase File number AMC1 AMC2 AMC3 
corundum ( -Al2O3) 46-1212 ++++ ++++ ++++ 
periclase (MgO) 74-1225 ++ +++ ++ 
graphite (C) 41-1487(2H) ++ ++ ++ 
aluminum (Al) 85-1327 + + + 
hematite (Fe2O3) 33-0664 traces traces traces 
mullite (2SiO2.3Al2O3) 84-1205   traces 
aluminum titanate (Al2TiO5) 41-0258   traces 
rutile (TiO2) 21-1276   traces 
pseudobrookite (Fe2TiO5) 41-1432   traces 
 
In Figure 1 are shown the thermograms of the as-received refractories obtained by DTA/TGA. Table 3 
resumes the main information extracted from the DTA, taking the temperature of the maximum or the 
minimum in the case of exothermic peaks or endothermic peaks, respectively. From TGA weight losses and 
taking into account the assignment of DTA peaks, the amounts of the organic binder and the graphite, 
reported in Table 1, were estimated. In Table 4 are the total weight percentages of carbon, as the sum of the 
graphite and resin contents, which agree with those reported in technical data sheets of each material. At 
temperatures higher than 900 °C, an increase of the mass was displayed in TGA thermograms in the three 
refractories due to the reactions involving the aluminum (Table 3).  
Regarding densities and porosities of as-received refractories (Table 4), the bulk density of AMC1 was 
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almost the same of that of AMC3 in spite of the larger value of app of the former. This is attributed to the 
contribution of bauxite present in AMC3 which has lower density than tabular alumina (3.1-3.5 vs.3.6-3.9 
gr/cm3). On the other hand, AMC2 has a smaller value of b due to its higher content of the lightest 
components such as resin and graphite (  1.2 and 2.2g/cm3, respectively) and the larger volumetric fraction of 
open pores.  
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Fig. 1. DTA and TGA thermograms for as-received refractories. 
 
Table 3. Assignment of DTA peaks (ex: exothermic peak; en: endothermic peak).  
 
 
Table 4. Density, porosity and total carbon values of as-received refractories. 
 
 AMC1 AMC2 AMC3 
total C (wt.%) 5.6 8.7 5.9 
b (g/cm3) 3.13 ± 0.02 2.98 ± 0.01 3.14 ± 0.01 
app (%) 6.70 ± 0.07 7.8 ± 0.5 4.0 ± 0.1 
 
 
Figure 2 shows optical microscopy images of polished surface of the as-received materials. Based on the 
analysis of data extracted from both optical microscopy and SEM/EDS on the whole, the type and 
AMC1 AMC2 AMC3 Process 
392 °C (ex) 401 (ex) 354 °C (ex) 
resin transformation   507 °C  (ex) 465 (ex) 392 °C (ex) 
  533 °C (ex) 
630 °C (ex) 630 (ex)  resin transformation  - glassy-carbon oxidation 
651 °C (en)  664 °C (en) aluminum melting 
914 °C (ex) 890 (ex) 982 °C (ex) graphite oxidation 
1050 °C (ex) 1046 (ex) 1046 °C (ex) formation of Al4C3 (Al/Al2O3 + C) 
1178 °C (ex) 1242(ex) 1145 °C(ex) 
formation of Al2O3 (Al4C3 + CO/O2) 
formation of  spinel MgO.Al2O3 (Al2O3/Al(l) + MgO/Mg(g)) 
1310 °C (ex) 1343(ex) 1288 °C (ex) formaction of Al4O4C 
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characteristics of the main components of each refractory were determined. This information, resumed in 
Table 5, is consistent with the chemical and mineralogical analyses of the materials. Besides the alumina raw 
materials reported by the manufacturer (tabular alumina and bauxite), brown electrofused alumina was also 
identified. 
 
Fig. 2. Optical microscopy images of polished surface of the as-received refractories (AT: tabular alumina, EA: brown electrofused 
alumina, Al: metallic aluminium, M: sinter magnesia, G: graphite). 
 
Table 5. As-received refractory composition. 
 AMC1 AMC2 AMC3 
tabular alumina: porous, several qualities  two qualities  
 
low proportion 
brown electrofused alumina: with impurities of Fe and Ti 
(hematite; titanates) and a glassy phase    
Bauxita: corundum plus mullite and/or titanates    
sinter magnesia: defined and rounded grains  in fines  
 
in fines 
graphite: flakes of different qualities    
metallic aluminum    
 
3.2 Thermal evolution of phases  
The diffractograms of powdered samples of the thermally treated materials are shown in Figure 3.  
At 400 ºC, the XRD pattern is very similar to that of the as-received material for every refractory since only 
the onset of the pyrolysis of resin (volatiles evolution) took place. At 600 °C, an increase of the intensity of 
the main peak of graphite at 26.34 2  (File N°01-0640) in respect to the alumina diffraction peaks is 
observed. This is attributed to the contribution of the glassy-carbon coming from resin carbonization which 
has a partial order structure (Rand and McEnaney, 1985). The change in the intensity of this graphite peak 
after the treatment at 600 °C is more marked in AMC2 due to its higher content of resin. Moreover, this 
material also has the largest apparent porosity which could allow the incoming of a higher amount of O2 that 
catalyzes the transformation of the resin. From 700 ºC, a remarkable reduction of the intensity of the main 
peak of graphite which completely disappears at 1000 ºC is displayed in the three refractories, due to the 
oxidation of graphite and the glassy-carbon. 
AMC1 
G 
EA 
Al
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Fig. 3. Diffractograms of thermally treated materials (  Al2O3    MgO   C   spinel  Al4C3   Alº   Fe2O3   mullite  Al2TiO5). 
 
Only the most intense peak of aluminum at 38.5 2  (File N°03-0932) was considered for its analysis 
because the rest of its peaks are overlapped with those of MgO.Al2O3 spinel which is one of the new phases 
formed in this system at high temperature. From 1000 ºC, a diminution of the intensity of this peak is 
displayed in the three refractories caused by reaction of Al (most likely in the liquid form) with: a) carbon 
coming from the organic binder carbonization, and/or graphite to form the aluminum carbide and/or b) MgO 
to produce spinel. At 1400 ºC, the peak intensity is extremely low in every material which indicates the 
presence of a little amount of metallic aluminum yet. Even this result is opposite to what is expected, the 
presence of metallic additives particles even in this range of temperature has been previously reported by 
Ushida et al., 1998 and Musante et al., 2010. The similarity between the evolution of the aluminum in the 
  
At 1000 ºC, diffraction peaks corresponding to Al4C3 (coming from the reactions of Al0) are identified in 
every AMC refractory, which disappear at 1200 °C due to its reaction with: a) O2 to form Al2O3 and/or b) 
magnesia to form spinel. The carbide is hard to detect because it reacts with oxygen easily, even at low 
temperatures (Baudín et al., 1999) to form alumina and it also has a high tend to hydrate at room temperature. 
For this reason, experimental cares were required to detect this phase.  
From 1100 ºC, peaks assignable to MgO.Al2O3 spinel (File N° 82-2424) are identified in the three 
materials, which tend to increase their intensities as the temperature of treatments increases. In every 
condition, the peaks of this phase are rather wide; this characteristic is attributed to several causes: a) small 
crystals size, b) formation of solid solutions by the incorporation on ions as Fe+3, for example and c) 
occurrence of more than one only reaction mechanism, for instance, the reaction of MgO with Al or Al2O3 
(the original fines or the new crystals formed by decomposition of the carbide). The participation of MgO in 
the spinel formation is consistent with the reduction of the intensity of peaks corresponding to periclase (File 
N° 04-0829) between 1100 and 1400 ºC. In AMC1, periclase peaks completely disappear at 1400 ºC due to 
the small amount of this component in the refractory formulation .5 wt.%). In AMC3, with a proportion of 
magnesia a little bit higher than AMC1 (Table 1), magnesia peaks of small intensity are already identified at 
this temperature. In AMC2, the intensity of MgO peaks remains high due to the large amount of magnesia 
present in this material wt.%).  
Hematite (Fe2O3) is found as a minor phase in every AMC refractory which would be present mainly as 
impurity of magnesia, and also in brown electrofused alumina and bauxite particles. The main peaks of this 
phase (File N° 79-1741) are not detected at 1200°C which is attributed to the formation of solid solutions with 
MgO, Al2O3 and spinel. The thermal evolution of minor phases such as mullite (File N°06-0258), aluminum 
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titanate (File N°41-0258), rutile (File N°78-2485) and pseudobrookite (File N°41-1432) cannot be followed 
because their diffraction peaks have low intensities and are overlapped with those of other phases.  
In short, the mineralogy of the studied AMC commercial refractories evolved in a similar manner in the 
three materials in the analyzed range of temperature. However, a higher contribution of the diffraction of 
glassy-carbon in the material with largest values of apparent porosity and resin content is observed, as much 
as the presence of remnant magnesia even at 1400 °C in amount proportional to the content of this phase in 
the as-received materials. The presence of bauxite aggregates does not affect the thermal evolution of phases 
in a significant way in comparison with the other types of alumina grains as tabular alumina and brown 
electrofused alumina. Differences in the characteristics of the new crystallized phases (location, morphology, 
etc.) such as Al4C3 and spinel cannot be ruled out which will to be studied by other techniques as optical 
and/or electronic microscopies in further works. 
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